In this work, the green microalgae Scenedesmus obliquus was tested for his Fe 3+ removal ability in his living state.
Introduction
Removal of heavy metals such as iron from wastewater is important for health reasons and other reasons. Iron is a chemical element naturally present in soils; iron dissolves in groundwater. However, it can also come from industrial waste or corrosion of metal piping.
Above a certain concentration, iron can have an impact on water aesthetics by changing the taste and smell of water, by staining laundry, and by staining plumbing accessories.
At higher concentrations, iron is considered to be a dangerous micropollutant. It is nonbiodegradable and accumulates in living organisms where it can be toxic, increasing the risk of cardiovascular disease, cancer 1 , and neurodegenerative diseases 2 such as Alzheimer's disease and Huntington's chorea.
The elimination of iron from water has been the subject of numerous studies. Several methods have been applied such as coagulation, ion exchange, membrane separation, reverse osmosis, solvent extraction, chemical precipitation, electro-flotation, etc 3 . These methods are generally expensive and inefficient, especially when it comes to low ion concentrations (<100mg/L).
More recently, researchers have concentrated on adsorption, which seems to be the most effective and least expensive solution.
Hence the whole panoply of potential adsorbents has been the subject of experimentation. Among the adsorbent, matrices are algae and microalgae.
Iron is an essential element in the growth and development of all living microorganisms, including microalgae. It is involved in many metabolic processes such as respiration, photosynthesis, and the synthesis of some enzymes 4 .
The accumulation of heavy metals in algae involves two processes
:
Passive uptake This process is short and irreversible, and it includes:
 Adsorption: The first contact between the metal and the biomass takes place in the cell wall. A part of the metal is deposited in the cell wall by adsorption using covalent bonds which form between the metal and the functional groups of the wall. The functional groups have unsatisfied chemical bonds, so they tend to fill these gaps by capturing nearby ions. Passive adsorption is extracellular and metabolism-independent.
 Diffusion: Simple diffusion is a transport mechanism which allows molecules to cross freely through the membrane when their concentrations in the extracellular medium exceed those in the intracellular medium.
Facilitated dissemination is a transport mechanism without energy which occurs in the presence of proteins and allows the molecules to pass through the membrane.
Active uptake
Active uptake is a slow process, irreversible, and metabolism-dependent. This process is related to the transport of metal ions across the cell membrane into the cytoplasm.
Researchers have used all of the above processes in investigating removal by algae of heavy metals from waste water destined for reuse.
Several research studies have conducted in recent years in which several species of microalgae have been the subject of investigation either in their inactive states or during growth, for example, the green algae Spirogyra 6 and the green microalgae Chlamydomonas reinhardtii, Chlorella pyrenoïdosa, Scenedesmus quadricauda 7 , Scenedesmus obliquus 8 , and Botryococcus braunii 9 .
Nishikawa showed that algal cells could exhibit structural damage during prolonged exposure to solutions containing heavy metals 10 .
From the research findings described above came the idea of using the green microalgae S. obliquus in the living state. To avoid poisoning by heavy metals of microalgae, algae cells were centrifuged after seven days of growth in treated wastewater and then used in the form of a paste in adsorption tests. with pH=3, temperature=30°C, and 80r/min stirring rate over a 20min period.
Microalgae biomass
The microalga used in this work was S. obliquus (CCAP 276-3a) obtained from the algae collection at the University of Göttingen (Germany).
S.obliquus is a fresh-water organism. It is a green microalga, unicellular, non-motile, and microscopic. S. obliquus exists as a structure (coenobium) of four organisms 11 .
S. obliquus generally cultivated in a Rodriquez
Lopez (RL) 12 medium rich in nitrogen and phosphorus, the main nutrients of microalgae ( Table 1 ).
The wastewater used in the present work derives from a treatment plant in Tamouda Bay, Fnideq, northern Morocco. It was first subjected to a primary treatment, which is simple decantation allowing the removal of the suspended particles at the origin of the water turbidity. These waters then undergo secondary treatment by activated sludge using aerobic bacteria degrading organic material. They are then placed in an autoclave to eliminate all microorganisms.
The chemical composition of treated wastewater is similar to the composition of RL medium (Table2), hence in this study RL medium was substituted with treated wastewater 13 .
The treated wastewater used in this study came from the secondary-treatment output of the wastewater treatment plant in Tamouda Bay, Fnideq, and northern Morocco.
The treated wastewater was first filtered to remove all particles in suspension and then placed in an autoclave to eliminate all microorganisms.
A quantity of 900 mL of the prepared water mixed with 100 mL of algal solution in each of several photobioreactors. The reactor used had 2L capacity (25cm in height and 7.5cm in diameter). The temperature of the culture was regulated using a thermostat (Ultratem 200 P Selecta) in connection with an air pump sterilized by filtration (0.2 μm pore diameter) which allows the injection of air continuously into the medium. Two fluorescent tubes (Osram L40W / 10) provided lighting continuously (24 hours per day, seven days per week).
Preparation of biomass
After seven days (168h) of growth in treated wastewater, the microalgae was separated by centrifugation at 4000 r/min for 20 min with a Hermle Labortechnik GmdH centrifuge and washed with distilled water three times. The biomass then stored in distilled water at 4°C 11 . Before use, the temperature of the biomass raised to 30°C.
The prepared biomass was in the form of a wet paste which then mixed with a synthetic Fe 3+ solution during the adsorption tests.
Preparation of Fe

3+
Iron is generally present in effluents as salts. Hence the iron used in the adsorption experiments (described below) was ferric iron Fe The Fe 3+ solution(100mL) brought into contact with 0.5 g of the biomass(wet weight), except for the following tests in which some parameters changed: pH test and test for the effect of biomass concentration.
Samples are taken every 5 min over a period of 30 min. These samples are then centrifuged three times at 400r/min for 5min in order to remove the microalgae from the Fe 3+ solution 11 .
All experiments performed twice and the average value taken for calculations.
The adsorption capacity is estimated using the following equation:
C=concentration of Fe 3+ in mg/g V= volume of solution in mL m=mass of biomass in g
The yield of the adsorption R is calculated as follows:
Yield (%) = ( − ) * 100(Eq2)
In this study, the parameters affecting adsorption were optimized in an orbital agitator (IKA KS 4000 i control), controlling temperature and agitation.
The parameters tested were pH, temperature, agitation, the concentration of the biomass, and effect of the initial concentration.
Analytic method
After the adsorption experiments, the residual concentrations of Fe 3+ were measured by a spectrophotometer (VARIAN, UV, Visible spectrophotometer) using the colorimetric method of potassium thiocyanate. We cultivated the microalgae in the Rodriguez Lopez synthetic culture medium and wastewater in order to compare the growth of microalgae in both environments. We noticed that the culture in the wastewater was faster and more profitable (Fig. 1) . The composition and characteristics of each environment are presented in Tables 1 and 2. Samples were taken four times a day and assayed by a spectrophotometer with a wavelength of 685nm (see Fig.  1 ). The optimum culture temperature of microalgae in treated wastewater is 30°C 13 .
The curve shows that the microalgae grew more rapidly in the treated wastewater than in the medium RL. After seven days the growth has stabilized. 
Influence of pH
The functional groups present on the surface of algal cells give them a negative charge, which promotes the adsorption of cations in favors of anions 14 .
At acidic pH, the functional groups preferentially bind with H + ions, which prevent the bonding of the metal to the surface.
On the one hand, at acidic pH, the functional groups preferentially bind with H + ions, which prevent the bonding of the metal to the surface.
On the other hand, high pH favors the binding of the functional sites with metal cations on the surface cells 15 leading to metal precipitation, in fact, Fe 3+ precipitates at pH>3.
In this study, the pH was not optimized due to the solubility conditions of Fe
3+
, which precipitates at pH>3. Therefore, to avoid any overestimation of the adsorption capacities, all the adsorption tests were carried out by fixing the pH at values below the Fe 3+ precipitation threshold.
The tests on the influence of pH were performed within a range of pH ≤ 3 because it is known that pH > 3 causes Fe 3+ to precipitate.
The tests were carried out with 50 mL of Fe 
Contact time Fe
3+
was adsorbed by the cell membrane passively over a period of 30 min. The adsorption was rapid and 30% of Fe 3+ was eliminated before equilibrium.
After 30min, the equilibrium was affected by passive adsorption, due to the osmotic gradient between the external environment and the intracellular (Fig. 3) (Fig. 4) . The results are shown in Figures 3 and 4 . 
Influence of agitation
Several agitations were tested as shown in Fig. 5 .
For low agitations below 80r/min, algal cells were subjected to aggregation phenomena which modify the morphological structure and limit the adsorption 16 .
For an agitation of 80 r/min, the adsorption was optimum and reached 60% of Fe 3+ removal.
By increasing agitation (greater than 80 r/min) protein movements were intense, which decreased the probability of encounter between enzymes and substrates 17 .
For higher agitations, the risk of fragmentation of the cell by collision increased. The cells, therefore, were broken and dispersed into the solution 18 .
In general, strong agitation of the cells leads to an inhibition of their growth, their metabolism and an alteration of the general morphology (turbolypobiosis) 18 . For higher concentrations, the equilibrium was reached after 30 min of contact and the adsorption was not complete.
Effect of temperature
Biosorption efficiency of each metal is different for each algae species with different response to the temperature 19 .
To understand the influence of temperature on the adsorption of Fe Below 30°C (Fig. 7) , the Fe 3+ concentration decreased with increasing temperature. In this case, the temperature favored the Fe 3+ adsorption.
This could be due to an increased number of active sites involved in Fe 3+ adsorption, an increased tendency of active sites to adsorb the Fe 3+ , or to reducing mass transfer resistance in the diffusion layer by reducing the thickness of the diffusion boundary layer.
30°C was the optimum temperature of Fe 3+ adsorption. It was also the optimum temperature of the microalgae growth used in this study, which favored multiplication of active sites and consequently the increase of adsorption 20 .
At the same temperature, the equilibrium time was rapidly reached (after 20 min, beginning of fluctuation due to diffusion), which might be due to the reduction of the thickness of the diffusion layer.
Above 30°C (Fig. 8) The results obtained are shown in Fig. 9 .
The number of metal ions removed from a solution phase was dependent on the algae biomass concentration, and increasing biomass concentrations reduced metal ion uptake per gram of biomass 22 .
The 
Conclusions
Bioprocesses or metal removal by microalgae requires cultivation in synthetic media which are very expensive. In this study, nutrient-rich treated wastewater replaced synthetic media, thus saving the expense of chemicals and approaching a natural experimental environment.
During cultivation, excess iron can cause cell poisoning and consequently stop growth 24 . For this, we used microalgae after the growth phase.
The novel method described in this study promises to provide industrial sites with an effective and efficient method that produces better results while requiring minimum costs, work-intensity, and time.
The optimum conditions for removal can be summarized as follows: temperature of 30°C, agitation of 80 r/min, duration of 20 min, and 16 g/l of biomass corresponding to the total removal of 25 mg/L of Fe 3+ .
The aim of proving a more effective, efficient method of removing heavy metals from industrial wastewater was achieved concerning Fe 3+ and S. obliquus. The novel method described in this study promises to provide industrial sites with a method that produces better results while being less costly, work-intensive, and time-consuming.
Replication of this study in an industrial environment outside the laboratory will give more importance and efficiency to this work. Moreover, the use of other heavy metals and other commonly used algae species is recommended and will be the subject of future studies.
